researchers at the Tillamook Estuaries Partnership and Oregon State University collected water quality samples at regular two-week intervals at 30 sites along five rivers in the Tillamook Basin in northwestern Oregon. The unique dataset consists of Escherichia coli counts paired with ruminant-and human-specific 16S rRNA gene hostspecific polymerase chain reaction (PCR) data (Bernard and Field 2000) that allow for the direct comparison of regulated fecal indicator bacteria (FIB) contaminant levels with fecal source tracking information. The focus of the current study was on five sampling stations in the Trask River watershed, where two USGS gauging stations provide a long-term hydrologic record. Using regular time intervals in a water quality sampling protocol produces a set of data randomized in terms of the hydrological conditions for each sampling event. With this water quality data, we produced a "dosing" type of analysis to make broad inferences about the type, source and pathways for water quality impairment. Additional analysis of the entire dataset showed that during wet periods, there was a positive correlation in some locations between flow and FIB and host-specific PCR data. The current study applied a Hydrological Simulation Program Fortran (HSPF) model of the Trask River Watershed portion of the Tillamook Basin in order to provide a more mechanistic understanding of the fate and transport of fecal pollutants. HSPF can distinguish at short time intervals (hours) over long period (decades) 
From March 2001 to March 2003 researchers at the Tillamook Estuaries
Partnership and Oregon State University collected water quality samples at regular two-week intervals at 30 sites along five rivers in the Tillamook Basin in northwestern Oregon. The unique dataset consists of Escherichia coli counts paired with ruminant-and human-specific 16S rRNA gene hostspecific polymerase chain reaction (PCR) data (Bernard and Field 2000) that allow for the direct comparison of regulated fecal indicator bacteria (FIB) contaminant levels with fecal source tracking information. The focus of the current study was on five sampling stations in the Trask River watershed, where two USGS gauging stations provide a long-term hydrologic record. Using regular time intervals in a water quality sampling protocol produces a set of data randomized in terms of the hydrological conditions for each sampling event. With this water quality data, we produced a "dosing" type of analysis to make broad inferences about the type, source and pathways for water quality impairment. Additional analysis of the entire dataset showed that during wet periods, there was a positive correlation in some locations between flow and FIB and host-specific PCR data. The current study applied a Hydrological Simulation Program Fortran (HSPF) model of the Trask River Watershed portion of the Tillamook Basin in order to provide a more mechanistic understanding of the fate and transport of fecal pollutants. HSPF can distinguish at short time intervals (hours) over long period (decades) between flow originating as surface runoff, interflow, and groundwater flow. Applied to the microbial sampling data, the separated hydrographs may yield a stronger relationship between FIB and PCR data and hydrologic variables. Further, this work may suggest modifications for the type and placement of best management practices for both human and animal sources of microbial contamination. (Shanks et al., 2006) . The unique dataset consisted primarily of Escherichia coli counts (MPN/100 ml, measured using Iddex Colilert) paired with presence/absence of ruminant-and humanspecific 16S rRNA gene host-specific PCR data (Bernhard and Field, 2000) that allow for the direct comparison of regulated fecal indicator bacteria (FIB) levels with fecal source tracking information. This dataset represents one of the largest efforts to implement a field study to identify fecal sources of contamination using advanced DNA analysis techniques. In addition to the microbial data (PCR and FIB), the researchers recorded temperature, pH and turbidity at each sampling event.
Background
The design of the data set was a typical "dosing" study, using a regular sampling event cycle to produce a random set of hydrologic conditions in the river at the time of sampling. These studies can provide information about seasonal trends in water quality for the area; they can provide a "typical dose" for a single frequency of contact; and they may show relationships between hydrology and water quality parameters. In some cases, it may be possible to estimate loading rates for the watershed, especially when the sampling frequency is very high. Often these studies are accompanied by rainfall-triggered sampling events to try to capture the water quality parameters at their peaks. A previous analysis of the entire Tillamook Basin data set showed a seasonal trend in water quality loading from ruminant sources (Shanks et al., 2006) . The objective of the current study, of which this chapter is only the first part, is to develop a stronger relationship between watershed hydrology and DNA and FIB data for the Trask River through the use of the HSPF (Hydrological Simulation Program Fortran) model. This chapter outlines the development and calibration of the HSPF model for the Trask River watershed, and highlights the utility of HSPF's hydrograph separation technique. The study further evaluated the influence of season on the predominant hydrograph response (surface runoff, interflow or groundwater flow) and showed the potential for better explanation of relationships between microbial and water quality variables. With further refinement, and possibly more localized modeling, this information may be useful for selecting agricultural nutrient management techniques, urban stormwater best management practices, and sewer overflow abatement.
Modeling Description
HSPF is one of the analysis engines available from the U.S. Environmental Protection Agency (EPA). It is a watershed model based on the Stanford Watershed Model, and is generally used for large watershed management applications including hydrology, water quality, and sediment studies. HSPF has extensive capabilities for modeling water quality, including tools for sediment loading calculations and fate and transport modeling. For this study, we configured HSPF to model the Trask River hydrology from the headwater locations to the USGS gauge number 14302480 described in the data sources section above. We utilized a supervised subcatchment delineation tool available in EPA's BASINS software package and based on the TauDEM algorithm (Tarboton, 1997) . The sixteen subwatersheds above the USGS gauge site have a combined area of approximately 150 mi 2 (390 km 2 ), consistent with the gauge description from the USGS (USGS, 2008).
The hydrologic model takes precipitation, temperature, and potential evaporation time series as inputs. Precipitation can occur as snow or rain depending on the temperature, and the temperature data is also used to determine the rate of snowmelt. We found that modeling snow in this system was critical. The conceptual model of HSPF hydrology is very simple. Rainfall or snowmelt enters either a pervious or impervious land segment to begin the hydrologic processes. Water from an impervious segment either evaporates or is routed to a river reach. A pervious segment is more complicated. Figure 2 .2 shows the conceptual model for a pervious segment. Water can leave the land segments as evapotranspiration (ET), surface runoff (SURO), interflow (IFWO), groundwater (AGWO), or deep percolation (IGWI). If it leaves as ET, it is gone from the system. If it is SURO, INFO, or AGWO, it is routed to a river reach section for hydraulic calculations. Deep percolation is counted as a loss from the system. Thus, HSPF can effectively separate a hydrograph into its component parts. For this study, we used HSPF to provide an accounting for each of the three types of water -surface runoff, interflow, and groundwater -that enter the Trask River system and eventually Tillamook Bay. The hydrologic analysis includes the following steps. 
Model Data Sources
EPA BASINS includes geospatial data that shows the location and type of most water quality loading sources as well as base data required for basinscale hydrologic study. For the Trask River study area, we used only a small part of the data available from BASINS. The source data included with the BASINS software is very easy to use and manipulate. We obtained additional data directly from EPA, from the National Weather Service, and USGS. Table 2 .1 shows the spatial data used, the source agency, and the website. The HSPF model requires a minimum precipitation time series as input and, since we modeled snowmelt, we also required hourly measurements of air temperature and potential evaporation time series for the period of analysis. Local raingauges provided the hourly precipitation data. There is a raingauge centered in the Trask River watershed, but because of the variability in terrain, we utilized an inverse distance weighting scheme to combine data from the Trask raingauge and six surrounding gauges.
For temperature data, BASINS has some utilities to help estimate hourly air temperature data from daily maximum and minimum temperature time series. For the calibration runs, we used daily maximum and minimum temperature data to calculate the hourly air temperature estimates based on a sinusoidal curve. From these we could estimate hourly potential (pan) evaporation. The snowmelt model in HSPF, which relies on temperature data, also has an elevation correction based on the adiabatic lapse rate. From the spatial elevation data, we calculated an average subcatchment elevation to apply the lapse rate.
Hydrograph Processes
One of the analysis goals for HSPF is to obtain the relative weights of flows in each of the stream inflow source categories: SURO, IFWO and AGWO. The impervious land segments only produce SURO for water that does not evaporate. In the Trask River watershed there is very little impervious land surface, and much of it is below the USGS gauge station where we had observed data for the model calibration. The pervious areas implement a more complicated hydrology to estimate flows from each of the three source categories. There are some 22 parameters to calibrate each pervious land segment. Many of these parameters may be estimated, and EPA provides extensive guidance (USEPA, 2000), expert systems (USEPA, 1999), and parameter estimation tools (Doherty, 2004) on selecting and calibrating these parameters. We calibrated the model by first identifying two periods during which we had a complete record of rainfall, temperature, and flow data. Table 2 .2 shows the periods selected for the hydrologic calibration, verification, and the sampling period. The calibration period provided a 10 y period during which we had a complete record for all three time series. The flow time series record interval for this period is daily; this is the USGS calculated mean daily flow. For the verification period we selected a time during which we had hourly flows available and that overlapped the sampling period.
The calibration process was a trial-and-error progression of compromises. We started the calibration with parameters estimated from the BASINS data set, and gradually adjusted them until the results for flow matched the observed values. The evaluation was done by comparing plots visually at different time scales, and with the y-axis displayed in either an arithmetic or logarithmic scale. Figures 2.1-2.3 show examples of the visual clues used in calibration of an HSPF model. Figure 2 .3 depicts observed versus modeled flow over ten years. By reviewing a long trend on a logarithmic scale, the user can assess general trends in system totals. This information helps to calibrate the soil types, thickness of soil layers, groundwater response (recession and deep groundwater losses), evapotranspiration (ET) parameters, and raingauge adjustments. (1966) . This was used to correct the baseflow recession and interflow recession, and for calibrating both infiltration rates from the surface to the interflow storage and the partitioning between the surface and the lower zones. The general trend in this model seemed to underestimate some peak flows. However, the hydrograph shapes were exceptional. For example, too much IFWO gave the model data a longer tail and less direct SURO. Adjusting this affected summertime peaks. We often found that when we corrected one response, another response was impacted. For this study, the focus was on getting the hydrograph shapes correct. For the sampling periods that we corrected for the volume of flows, we were less concerned that the total magnitude of the flows was correct. Our goal was to obtain the correct hydrograph shape, which would allow us to understand the hydrograph separation well. Similarly, the peak and low-flow conditions were not as central to the analysis as the hydrograph shape. Once the calibration parameters were acceptable, we used them on our validation dataset. Figures 2.6 and 2.7 present some summary plots to demonstrate the performance of the model. Figure 2 .6 shows the % chance of flow exceedence for both the model and the observed data. In this case, the model underestimated the peak flows (less than 1% exceedence), but exhibited a very strong fit everywhere else. Figure 2 .7 shows a more traditional correlation plot. Again the trend is clear that the model underpredicts the peaks for high flow events.
Hydrograph Separation
The standard output from HSPF includes time series for each hydrograph component, surface runoff, interflow and groundwater. To produce Figure 2 .8 we split the observed data according to the ratios of hydrograph components (SURO/total flow, IFWO/total flow and AGWO/total flow) in the model for that period. This algorithm made it necessary to focus the calibration on matching the hydrograph shapes. interflow process exceeded 3 cms (cubic meters per second) a little more than 20% of the time, and about 60% of the time interflow was zero. In the winter, the interflow had a much more dominant role. Interflow exceeded 3 cms about 90% of the time and it was rarely zero.
The model demonstrated that once the soil layers become saturated in fall, they stay saturated until late spring or early summer. The cutoff appeared to be around 300 cms (1,000 cfs). Therefore, once the interflow for a single event reaches 300 cms in the fall, there will be continuous interflow for the rest of the season. A similar inference can be made about the return to summer conditions. This will occur when groundwater (probably total flow) drops below 30 cms (100 cfs). This suggests that saturated soils will transport fertilizer, pathogens and nutrients away from the root zone to the receiving water in the spring until the groundwater drops to that level.
Water Quality Analysis
A previous analysis of the water quality data used sample month to determine wet versus dry period; Shanks and colleagues (2006) defined the dry period as the six months of lowest average monthly precipitation, April through September, and October through March as the wet season. The current analysis based on modeling suggested that the wet period of the year is when interflow first exceeds 300 cms after the summer, and the dry period begins when the groundwater level drops below 30 cms. Applying these revised criteria to the modeling results allowed us to compute a shorter dry period--from the beginning of August to the end of November (four months). The wet period is December to July. However, with these criteria, the length of time for the dry period is variable each year. There was a 36 day difference in the dry period for the first year of sampling (August 11, 2001 to November 14, 2001-95 days) compared to the second year of sampling (August 2, 2002 to December 11, 2002 . Table 2 .3 demonstrates the benefit of a hydrology-based criteria for wet versus dry period analysis. The calendar based analysis shows more frequent hits for both ruminant sources and human sources of microbes during dry weather. Though the difference is small the result is counter to what the physical processes should produce. Using a hydrology-based criteria, the wet period has more samples with hits for both Ruminant and Human sources. Again, this matches generally accepted rainfall based loading models. 
Conclusions
The HSPF model was used for the computation of three separate sources of flow to the Trask River: surface runoff (SURO), interflow (IFWO) and groundwater flow (AGWO). The ability to discern between different sources allowed for a more sophisticated characterization of wet and dry periods in the Trask River watershed. The HSPF model analysis and generated flow data can be used to further understand the mechanisms of pollutant transport, and will improve comparison of FIB, host-specific PCR data and general water quality parameters. Future research will explore these comparisons using a durationcurve approach for the entire Trask River dataset. From a practical perspective, more accurate data for the onset of wet and dry periods in a watershed can be used to create more effective nutrient management plans and improve the performance of management practices in the Tillamook Basin.
